ABSTRACT Spectrum efficiency (SE) and QoS guarantee are two critical issues in wireless communication systems. The truncated ARQ and the adaptive modulation and coding (AMC) are often used to improve the SE and transmission reliability in wireless communications. In this paper, we study the SE and QoS performance of a system with a cross-layer combining of the truncated ARQ with the AMC. First, we analyze the performance of current combinations of the ARQ and the AMC. The analysis results indicate that the current combination is too ''ineffectiveness'' or ''conservative.'' Then, based on the analysis, we design a new rule for the AMC, which is used to adaptively choose transmission mode. Through analyzing the AMC and the combination algorithm using the proposed rule, both the SE and the packet dropped probability of the system are improved. Furthermore, the analysis result also point outs the suitable scenario of each algorithm. Simulation results verify the analysis result and demonstrate that the proposed algorithm can achieve higher SE while the QoS requirement is guaranteed. At last, to further improve the SE of the system, we propose an algorithm jointing power control and the combination of the ARQ with the AMC under the QoS constraint.
I. INTRODUCTION
With the development of the wireless communication, the scarcity of radio frequency resource becomes a grave challenge. To meet the higher data transmission speed and better quality-of-service (QoS) requirement, the future wireless communication system needs more efficient link techniques to improve spectrum efficiency (SE) of the system [1] , [2] . In order to optimize the SE, the high-order quadrature amplitude modulation (QAM) and the coding scheme with higher coding rate are often used to improve the throughput of the wireless channel. However, higher-order QAM often indicates higher probability of demodulation error, while the coding scheme with higher coding rate means lower correction ability. Hence, the SE and QoS performance of the wireless channel is contradictory, and a trade-off is needed. The trade-off can be achieved through choosing the modulation method and the coding scheme carefully. In current wireless systems [3] - [8] , the adaptive modulation and coding (AMC) mechanism has been widely used to increase data transmission rate and guarantee the QoS requirement over the time-varying channel.
There are many works on AMC have been done [9] - [12] . Fantacci et al. [9] studied the AMC for the OFDM system, while the AMC in the system controlled by IEEE 802.11 protocol has been studied in [10] . Despite theoretical research, the experimental study of the AMC for practical system is given in [11] . Recently, some new modulation methods and coding schemes are brought into the AMC mechanism [12] to further improve the performance of the physical channel.
In the AMC mechanism [13] , associations of the modulation method and the coding scheme, which are predefined as modulation/coding schemes (MCSs), are dynamically chosen according to the channel state information (CSI). In general, the receiver chooses one of MCSs according to the CSI, and then conveys the choice to the transmitter via a dedicated channel which seems error free. Then the transmitter uses the chosen MCS to transmit data packets. Here is a key question: how does the receiver select the proper MCS according to the CSI? Specially, given the value γ of the received signalto-noise ratio (SNR), which MCS will be chosen. According to [13] , if γ is in the region [γ n , γ n+1 ), then the n-th MCS is selected. Hence, the essential work of the AMC is determining SNR boundary points γ n . Currently, there are two mainly rules used to determine SNR boundary points γ n . One is using solutions of the optimal throughput function [14] - [16] , while the other obtains SNR boundary points through solving the function of QoS constraints [17] , [18] . For the form one, the QoS performance, such as packet dropped probability, is unclear. Though the latter way can guarantee QoS requirement, the throughput may not be optimal. Hence, more work on the rule adopted by the AMC to determine γ n should be done.
Despite SE, the reliability of data transmission over unreliable wireless channels is another challenge in wireless communications. The automatic repeat request (ARQ) and the forward error coding (FEC) are two protocols which are widely used to improve the reliability of data transmission over the wireless channel. As the retransmission is activated only when the data packet cannot be correctly received, the ARQ is quite effective in improving the throughput comparing with using only FEC. Many works have been done to study the ARQ [19] - [21] , especially truncated ARQ. Larsson and Skoglund [19] analyzed the throughput of the ARQ in Gaussian block fading channels. Under different channel models, the throughput of the hybrid ARQ is compared in [20] , while the energy efficiency of the hybrid ARQ is studied in [21] .
To achieve high and reliable data transmission, the algorithm combining the AMC with the truncated ARQ is proposed. The combination can improve the SE and the reliability of the wireless transmission, which has also been well studied [17] , [18] , [22] - [24] . In [18] , a cross-layer algorithm is proposed to determine SNR boundary points of the combination. This algorithm is widely adopted [17] , [22] , [23] in the study of the wireless communication. Supposing the algorithm proposed in [18] is used, authors analyzed the queue performance in [17] , while authors proposed a power allocation algorithm for the OFDM system to improve the SE in [22] and a cross-layer optimization algorithm to maximize the life time of the wireless sensor network in [23] . In [24] , the energy efficiency of the combination with QoS constraints is analyzed. Simulation results show that the packet dropped probability obtained by the algorithm proposed in [18] is far less than the QoS requirement. Though these results demonstrate that the QoS requirement can be guaranteed, the gap also indicates that the algorithm may not be optimal for the system throughput and there is still some space for improvement.
Power control (PC) is another efficient tool to improve the SE of the wireless communication system. Similar to the AMC, according to the CSI, the transmitter adjusts the transmit power to improve the throughput of the system. Currently, the AMC, the PC, and the combination of AMC and PC have been widely studied. However, the research on the joint of the AMC, the PC, and the truncated ARQ is very scarce. In [15] , the joint is firstly proposed and the throughput of the system is studied. However, in [15] , the retransmission number is assumed to be 0 and the QoS constraint is ignored.
Based on above observations, in this paper, we will first analyze the effect of the rule determining γ n on the performance of the system. Then, we propose a new algorithm to combine the AMC with the truncated ARQ. Furthermore, we joint the AMC, the PC and the truncated ARQ to optimize the SE and guarantee the requirement on the packet dropped probability of the traffic when the retransmission number is not 0.
The contributions are summarized as follows. First, we analyze the effect of the rule, which is used to determine SNR boundary points, on the performance of the system. The expressions of the packet dropped probability and the throughput of the system are derived. Second, according to the expression of the packet dropped probability, we propose a new algorithm to determine SNR boundary points of the AMC. By using the relation between the packet dropped probability and SNR boundary points, the SNR boundary points are calculated backward one by one in the algorithm. The proposed algorithm can guarantee QoS requirement and optimize the SE of the system. Then, the proposed algorithm extends to jointing the AMC and the truncated ARQ with certain retransmission number to maximize the SE of the system with the QoS constraint. Third, under the QoS and average power constraints we propose a combining algorithm which combines the power control with the jointing of the AMC and the truncated ARQ to further improve the performance of the system.
The remainder of the paper is organized as follows. In Section II, we introduce the system model and main assumptions. The performance comparison is provided in Section III. In Section IV, we propose a new algorithm and analyze the performance of the proposed algorithm. Then, the proposed algorithm is extended to jointing the AMC and the truncated ARQ in Section V. Numerical results are given in Section VI to demonstrate that the proposed algorithm can achieve better performance. We study the joint of the power control and the proposed combination for the system with average power constraint in Section VII. Finally, the paper is concluded in Section VIII.
II. SYSTEM MODEL
Consider the single-transmitter single-receiver antenna pointto-point system. The process flow of the system is shown in Fig. 1 . The system consists of the AMC mechanism and power control at the physical layer, and a truncated ARQ at the data link layer. The processing unit at the data link layer is a packet, while the processing unit at the physical layer is a frame which is a collection of multiple transmitted symbols.
We assume that the fading channel is frequency flat and remains invariant per frame, but is allowed to vary from frame to frame. This corresponds to block fading channel models, which are suitable for slowly-varying fading channel [25] . As a consequence, the AMC is adjusted on a frame-by-frame basis. Nakagami fading channel is a typical block fading channel, which is used in our model.
At the physical layer, we assume there are N MCSs available. Each MCS consists of a specific modulation and FEC code pair, just like in IEEE 802.11n and LTE-A. Based on the CSI which is estimated by the channel estimator at the receiver and transmitted over the feedback channel, the AMC and power controller chooses the MCS and determine the transmit power. Then, the transmitter uses the chosen MCS to process the data frame, and sends the frame with the transmit power over the fading channel. Coherent demodulation and maximum-likelihood (ML) decoding are used at the receiver. The decoded frames are mapped to packets, which are passed to the data link layer.
At the data link layer, the truncated ARQ is implemented. The receiver checks whether the received packet is error. We assume that error detection is perfect [15] - [18] . This means that if the detection is no error, the packet is successfully received. If the received packet error is detected, a retransmission request is sent to the transmitter via the feedback channel. Then, the ARQ controller checks whether the number of retransmission is up to K max , where K max is the maximum retransmission number. If the retransmission number is smaller than K max , the transmitter retransmits the error packet. Note that the MCS and transmit power of the retransmission is independent of the above transmission. If a packet is not received correctly after K max retransmissions, it will be dropped. According to the QoS requirement of the traffic, the probability of packet dropped after K max retransmissions cannot be larger than P tr , where P tr is the maximum tolerable packet dropped probability.
To simplify system, some assumptions are used. First, the CSI at the receiver using training-based channel estimation is assumed to be perfect. The transmission over the feedback channel is error free and no latency, as in [15] and [18] . Second, after modulation and coding, one packet together with pilot symbols and control parts, constitute one frame to be transmitted at the physical layer. Hence, one packet is mapped into one frame.
The parameters of the physical layer are introduced as follow. We consider the convolutional coding and M n -ary rectangular or square QAM modes, which are adopted by IEEE 802.11n standards [26] . The other AMC with different MCSs set can be analyzed similarly. The parameters of each transmission mode are listed in Tables 1 and the detail introduction of these schemes can be found in [18] . In the reminder of the paper, we do not distinguish MCS and the transmission mode which are often used in the AMC.
Given the transmit power p t , the channel quality is expressed by the received SNR γ = p t ξ , where ξ is the channel gain. Since the channel gain varies from frame to frame, the received SNR γ is a random variable. As the wireless channel is a Nakagami fading channel, when the transmit power is p t , the probability density function (pdf) of γ is expressed as
whereγ = p tξ is the average received SNR andξ is the average channel gain, m is the shape parameter of the Nakagami distribution which is larger than 0.5, and (m) is the Gamma function which is expressed as (m) = ∞ 0 t m−1 e −t dt.
III. THE PERFORMANCE OF THE AMC
In this section, we analyze the spectrum efficiency and the QoS performance of the AMC mechanism, and discuss the effect of the determining rule. Here, we do not consider the effect of the power control policy and the truncated ARQ. Hence, K max = 0 and the transmit power is denoted by p to simplify the expression.
A. SPECTRUM EFFICIENCY
As in [20] , the throughput of the point-to-point system employing the AMC mechanism and the truncated ARQ is defined as
where r(γ ) is data rate when the received SNR is γ , and f p (γ ) is the pdf of γ when the transmit power is p, which is given in (1). According to the AMC mechanism, when the received SNR γ satisfies γ n ≤ γ < γ n+1 where {γ n }, n = 0, 1, · · · , (N + 1) are SNR boundary points, the n-th MCS is used. Hence, data rate r(γ ) is often expressed as
where R n is data rate of the n-th MCS. Specifically, γ 0 = 0 and γ N +1 = ∞. To avoid deep channel fades, no data will be sent when γ ∈ [γ 0 , γ 1 ), and R 0 = 0. When the data packet is transmitted on the fading channel, the bit error may happen during the receiver's demodulation and decoding. The packet maybe dropped due to bit error. Hence, the packet error rate (PER) is determined by the bit error rate (BER) and the error-correcting ability of the adopted coding scheme. There are three typical functions which are often used to estimate the PER. Let Pe n (γ ) denote the PER function of the transmission mode n. The first one proposed in [18] is widely used in related works. The PER is estimated as
where γ pn , a n and b n are estimated parameters which are obtained by using the experimental data. The second one mainly considers the effect of the coding scheme. More details of this PER function can be found in [20] . The second PER function is
where γ th,n is similar to γ pn , andã n is the decay parameter. These two parameters are also found by the measured or simulated data. For convolutional codes,ã n ≈ 4; for turbo codes with large codewords,ã n ≈ 15. The third one is often used to approximate the effect of the modulation method on the PER. Given a certain modulation method and the value of the received SNR, the PER is
where Q is the length of symbols, M means the modulation scheme is M -QAM, and erfc(.) is the complementary error function. This PER function only captures the error caused by modulation-demodulation of the M -QAM. Therefore, the second one in (5) only considers the error caused by the coding and decoding, while the third one in (6) is only suited in the system employing the M -QAM modulation. It has been proved that the estimated PER curve using the PER function described by (4) and the simulated PER curve were match well in [27] . The first function is also widely adopted by the related work of the AMC [15] , [25] . In this paper, we consider the transmission error caused by both demodulation and decoding, thus the function given by (4) is used to estimate the PER. To simplify the numerical calculation, we assume that the frame size is 1080 bits. Hence, parameters a n , b n , and γ pn are given in Table 1 . More details of these parameters are referred in [27] .
Given the modulation and coding schemes, the key operation of the AMC mechanism is determining SNR boundary points. There are two typical rules used to determine SNR boundary points, which are referred two typical AMC algorithms. One aims at maximizing the system throughput, and the other is guaranteeing the QoS requirement. According to [20] , to maximize the throughput of the system, SNR boundary points are obtained by solving following equations
Lemma 1: Consider a point-to-point system, the AMC using the rule in (7) to determine the SNR boundary points has the optimal spectrum efficiency.
Proof: To distinguish the SNR boundary point obtained by (7), let γ 1,n to denote the SNR boundary point derived by another rule. Without lose of generality, we assume that γ 1,n > γ n , n = 1, 2, · · · , N . The proof can be easily expanded to other cases.
According to (2) and (3), the correct data received by the receiver is
Because γ 1,n > γ n , n = 1, 2, · · · , N , Th c can be further rewritten as (9) .
According to (4), Pe n (γ ) monotonously decreases with increasing γ . Hence, R n (1 − Pe n (γ )) is a monotonously increasing function of γ . Since γ n and γ n+1 are solutions of
Therefore, part 1 of (9) satisfies
Using the right side of the inequation in (10) instead of part 1 of (9), as shown at the top of the next page, we obtain (11) , as shown at the top of the next page. The inequation (11) indicates that the throughput obtained by the rule (7) is larger than the compared rule.
During the proof, we do not limit the compared rule as a certain rule, hence Lemma 1 is proven.
Substituting (4) and (1) into (8), we obtain the SE of the system using the AMC which is given in (12) , as shown at the top of the next page, where (m, x) is the complementary incomplete Gamma function which is expressed as (m, x) = ∞ x t m−1 e −t dt. The expression of the SE in (12) indicates that 46918 VOLUME 6, 2018
the SE depends on SNR boundary points given the wireless channel model. The other typical algorithm uses the QoS requirement to determine SNR boundary points. The SNR boundary rule based on QoS requirement was proposed in [18] . To guarantee QoS requirement, each SNR boundary point satisfies
According to (4), the equation (13) means that the packet dropped probability cannot be larger than P tr . Inverting (4) into (13), we obtain the SNR boundary point
By substituting (14) into (12), the SE of the AMC with the rule in (13) is derived. According to Lemma 1, the spectrum efficiency of the AMC using (13) is smaller than the AMC using (7).
B. PACKET DROPPED PROBABILITY
As there is no retransmission at the data link layer, the packet dropped probability is the same as the packet error probability at the physical layer. Hence, the packer dropped probability can be evaluated by the frame error probability at the physical layer. According to (4) , if the transmission mode is chosen, the frame error probability is determined by the receiver SNR γ . In the AMC mechanism, a transmission mode is chosen if the received SNR γ is in the corresponding region. Hence, by using SNR boundary points, the average packet error probability of transmission mode n can be calculated, which is expressed as
where Pr n is the probability that the n-th transmission mode is chosen at the physical layer. According to (1) and (3), Pr n can be calculated as
Based on the average packet error probability of each transmission mode, the average packet error probability can be estimated as the ratio of error packets over total transmitted packets. The packet dropped probability is derived as
By substituting (15) and (16) into (17) , the packet dropped probability can be written as
According to (7), the value of γ n of the AMC using rule (7) is irrelevant to average SNRγ and QoS requirement P tr . Furthermore, the increasing speed ofγ m is larger than the decreasing speed of mγ n+1 /γ mγ n /γ t m−1 e −t dt with increasingγ . Hence, Er deceases with increasingγ . Meanwhile, equation (18) indicates that the packet dropped probability of the system employing the AMC using rule (7) is constant given γ and is independent of QoS requirement.
For the AMC with the rule (13), the value of γ n only depends on QoS requirement P tr . Hence, given the QoS requirement, Er is almost unchange whenγ increases or decreases. According to (13) , the frame error probability equals the target probability when the received SNR is γ n . From (4) and (15), it can be found that Pe n < P tr . VOLUME 6, 2018 FIGURE 2. Packet dropped probability vs QoS requirement.
Substituting this inequation into (17), then n
Pr n R n Pe n < n Pr n R n P tr . In other words, the packet dropped probability of the AMC with the rule (13) satisfies
From (19) , it can be found that the packet dropped probability of the proposed scheme in [18] is smaller than the QoS requirement. The comparison between QoS requirement and the packet dropped probability obtained by the algorithm in [18] is shown in Fig. 2. From Fig. 2 , it can be found the packet dropped probability is much less than the required value. According to (13) , the proposed algorithm makes the modulation and coding scheme with higher data rate have less opportunity to be used, which may result in spectrum underutilized. To solve this problem, we propose a new rule to determine SNR boundary points.
IV. THE IMPROVED AMC ALGORITHM
According to above analysis, expressions of Pr n and Th c indicate that the exiting algorithm is too conservative to maximize the throughput of the system under the QoS constraint. Furthermore, from (17) , it can be found that this outcome is caused by the overestimated packet dropped probability of each transmission mode. According to the expression of the average packet dropped probability of the n-th transmission mode, Pe n is related to SNR boundary points and Pr n which is also associated with SNR boundary points. To obtain SNR boundary points, we propose a new determining rule which is used to improve the spectrum efficiency under the QoS constraint in this section.
A. BACKWARD-SEARCH ALGORITHM
As shown in (17) , if Pe n = P tr , the less-than sign in (19) will be changed into equal sign. Hence, through solving N equations Pe n = P tr , n = 1, · · · , N , the SNR boundary point γ n can be obtained. However, these N nonlinear equations cannot be solved by using the traditional method directly. Through observing these equations, we find that Pe N and Pr N are only related to γ N . Let Pe N = P tr , we derive the expression of γ N as
As γ N is obtained and Pe N −1 is determined by γ N and γ N −1 , γ N −1 can be calculated by using γ N . Let Pe N −1 = P tr , γ N −1 is derived as a function of γ N and P tr , which is given in (21) , as shown at the bottom of this page.
As this analogy, other SNR boundary points γ N −2 , · · · , γ 1 can be calculated one by one.
Based on the above derivation, we propose an algorithm which is named as Backward-Search algorithm to obtain SNR boundary points. (3-2) ; otherwise, obtain γ n = γ n − ( /2), and go to 4) 4) Let n = n − 1, if n = 0, the algorithm terminates; otherwise go back to 3). Output: {γ n , n = 0, · · · , (N + 1)}.
In the backward-search algorithm, γ N is firstly calculated by using (20) . Then, others are calculated by using (21) in order of N − 1, N − 2, · · · , 1. During calculating γ n , n < N , an iterative algorithm is used. The iteration step is dynamically adjusted according to the value of γ n+1 − γ pn , which is smaller than (γ n+1 − γ pn )/2. The smaller the iteration step, the slower the convergence rate of the iterative algorithm. However, a larger iteration step may led to non-negligible computation errors which make the QoS requirement is not satisfied or the spectrum efficiency is lower. Hence, should be as small as possible under the requirement of the convergence rate.
B. PERFORMANCE OF THE BACKWARD-SEARCH ALGORITHM
In this subsection, we will study the spectrum efficiency and QoS performance of the backward-search algorithm. Firstly, according to the above analysis, the spectrum efficiency of the algorithm can be calculated by substituting γ n into (12) . From expressions in (20) and (21), it can be found that γ n is determined jointly byγ and P tr . Hence, the spectrum efficiency of the system is related to both the QoS requirement and the channel condition. According to the relation between Th c andγ , the spectrum efficiency is increasing with the growing of the average SNRγ . According to Lemma 1, the spectrum efficiency of the AMC using the backward-search algorithm is smaller than the AMC using rule (7) . However, the gap between these two AMC mechanisms is narrowing with increasingγ . Given the average SNR, γ n is more and more close to γ pn with increasing P tr . This means that the transmission mode with higher data rate has more chance to be adopted. Thus the gap between these two AMC mechanisms is narrowing with increasingγ . However, because the transmission mode with higher data rate also has higher error rate, the spectrum efficiency may decrease with the increasing of P tr and there exists a QoS-dependent maximum value of the spectrum efficiency in the AMC using the backward-search algorithm.
According to the derivation of γ n , Pe n = P tr . Substituting this equation into (17) , the packet dropped probability of the AMC using the backward-search algorithm can be derived as
Hence, given QoS requirement P tr , the packet dropped probability of the AMC using the backward-search algorithm is a constant, and Er bs is irrelevant to the average SNR.
V. EXTEND TO JOINTING THE ARQ AND THE AMC
In this section, we will extend the backward-search algorithm to the case with K max = 0. In this case, an unsuccessfully received packet will be retransmitted until this packet will be successfully received or the retransmission number reaches K max . Since the channel quality is memoryless, the packet error probability of the current transmission will not affect the next transmission. Hence, the packet dropped probability of the ARQ with maximum retransmission number K max is P dp = p
where p er is the packet error probability of each transmission. The average transmission number N av of a packet is calculated in (24) , as shown at the bottom of this page. The spectrum efficiency of the system using the truncated ARQ is 1/N av .
As shown in Fig. 1 , the truncated ARQ and the AMC work independently with each other in the jointing algorithm. Furthermore, choosing the transmission mode in the AMC does not consider previous transmission result. Hence, p er = Er and average throughput of each transmission is calculated by Th. The packet dropped probability and the spectrum efficiency of the jointing algorithm are Er K max +1 and Th/N av , respectively.
When considering QoS of the traffic, to guarantee the QoS requirement, P dp can not be larger than P tr . That is, packet error probability of each transmission satisfies
According to the expression of the Er, SNR boundary points of the AMC should satisfy
According to the analysis in Sections III and IV, the inequation in (26) can be solved and SNR boundary points are obtained.
By substituting the expression of Th and N av , the spectrum efficiency of the jointing algorithm is calculated as in (27) , as shown at the bottom of this page. The optimal spectrum efficiency can be obtained through solving an unconstrained optimization problem with the object function (27) .
Two typical AMC algorithms and the AMC using the backward-search algorithm can directly joint with the truncated ARQ. The jointing algorithm using rule (13) can guarantee the QoS requirement while the algorithm using rule (7) achieves better spectrum efficiency. The packet dropped probability of the AMC using the backwardsearch algorithm equals P tr , and the spectrum efficiency is Th c /(1 − P tr ).
(27) VOLUME 6, 2018 Despite this direct jointing algorithm, a dynamic jointing way is also worked, which need use the history information. At the first transmission of a packet, a higher data rate transmission mode can be used, such as the AMC uses rule in (7) . Then, according to the first transmission result, adjusting the AMC rules: if the transmission fails, the retransmission using the AMC with tighter QoS requirement, such as the AMC uses rule in (13) ; otherwise the transmission of the next packet still uses the AMC with (7). The performance of this dynamic algorithm relies heavily on the channel model. As we consider block fading channel model in this paper, the performance of the current transmission is irrelevant to the above or next transmission. Thus, this method may not work well. However, this algorithm well suited to the shorttime correlated fading channel.
VI. NUMERICAL RESULTS
In this section, we present numerical results of the proposed algorithm and two typical algorithms. Transmission modes adopted by the AMC are given in Tables 1. During simulations, we set the parameter m of the Nakagami fading channel as 1, which corresponds to the Rayleigh fading channel. First, we observe the spectrum efficiency and the packet dropped probability when K max = 0. The simulation results are presented in Figs. 3-6 . In figures, ''ThrouputOptimalAMC'', ''QoSGuaranteeAMC'', and ''ProposedAMC'' represent the AMC using rule (7), using rule (13) , and using the backwardresearch algorithm, respectively. Fig. 3 illustrates the spectrum efficiency of three AMC mechanisms when the QoS requirement P tr = 0.05 while the packet dropped probability is depicted in Fig. 4 . The result in Fig. 3 verifies that the AMC using (7) achieves the best spectrum efficiency. Our proposed algorithm has better performance than the algorithm in [18] , and the spectrum efficiency performance is very close to the optimal value. Note that the spectrum efficiency of the proposed algorithm is even larger than the optimal algorithm when the average SNR is larger than 25dB. One reason of this phenomenon is the error caused by the iterative calculation. The simulation result shows that this error becomes obvious with the increasing of the average SNR. Another reason is that the proposed algorithm makes the transmission mode with higher data rate have more chance to be used. Meanwhile, the packet dropped probability of the proposed algorithm is larger than the optimal algorithm, which has been proved in Fig. 4 .
In Fig. 4 , the result shows that the packet dropped probabilities of three algorithms have total different tendencies. 
The packet dropped probability of the optimal algorithm declines rapidly while values of other algorithms are little changed, especially the value of the proposed algorithm is almost a constant. The reason for this result has been discussed in Sections III-B and IV-B.
The spectrum efficiency and the packet dropped probability varying with the QoS requirement are demonstrated in Figs. 5 and 6, respectively. During these simulations, the average SNR is 15dB. The gap of the spectrum efficiency is obviously narrowing with the QoS requirement decreasing. The spectrum efficiency of the proposed algorithm reaches the peak 1.956 bits/symbols when the tolerant packet dropped probability is 8%, and then decreases gradually. We have discussed the reason for this change in Section IV-B. In practice, the tolerant packet dropped probability is often far smaller than 8%. That is, this decreasing will not appear in practical applications.
The black line with marker ''+'' is the QoS requirement. From Fig. 6 , it can be found that the packet dropped probability curve of the proposed algorithm is almost coincided with the QoS requirement curve. This result verifies the equation (22) . The difference among the packet dropped probabilities in Fig. 6 demonstrates that the gap between the AMC using (13) and the real QoS requirement is very large, and the AMC using (7) may not guarantee the QoS of traffic, especially when the tolerant packet dropped probability is smaller than 7.5%.
We further observe the performance of the jointing algorithm with different K max . We set the QoS requirement P tr as 10 −5 . With K max varying from 1 to 3, we draw the spectrum efficiency in Fig. 7 and the packet dropped probability in Fig. 8 , respectively.
The comparison among three subfigures in Fig. 7 shows that the optimal algorithm still achieves the best spectrum efficiency. Nevertheless, the difference reduces when K max varies from 1 to 3. Particularly, the difference can be ignored when K max = 3. As the AMC and the truncated ARQ work independently, the relation between the packet dropped probability of the jointing algorithm using (7) and the retransmission number K max has been given in (23) which is consistent with the result in Fig. 8 . With increasing K max , the performance of the jointing algorithm using (7) gradually close to the QoS requirement. Hence, the jointing algorithm using (7) with a large enough K max can guarantee the QoS of traffic. Meanwhile, the decrease of the spectrum efficiency can be negligible. As shown in Fig. 8 , the packet dropped probability of the jointing algorithm with different retransmission number K max does not satisfy the equation (23) . This is because P tr used to determined SNR boundary points of the AMC is determined by the QoS requirement and K max . The subfigure in Fig. 8 shows that the packet dropped probability of the proposed algorithm swings above and below the QoS requirement and the floating range declines with K max . The main reason is calculation error. When K max = 1, P tr in (21) is 10 (−5) , which is very small compared with the iterative step. Through increasing K max , this situation would be improved. Furthermore, to make the proposed algorithm suitable for smaller K max , the iterative step should be set as small as possible.
VII. COMBINING WITH POWER CONTROL
According to the expression of the throughput, the transmit power will affect the receiver SNR, and then influence the VOLUME 6, 2018 MCS choice and the data transmission rate. Hence, combining power control with the AMC and the ARQ may achieve better throughput performance.
Under average transmit power constraint, the combination with the object of maximizing the throughput can be modeled by an optimization problem which is expressed as max Th c st P dp ≤ P tr (a)
where η tr is the largest average transmit power andp t is the average transmit power, which can be calculated as
The expression of f ξ (ξ ) and f p t (γ ) have similar form. Let p t and γ in (1) be ξ , then the expression of f ξ (ξ ) is obtained. The constraint (a) is used to guarantee the QoS requirement while the constraint (b) presents the average transmit power constraint. The problem in (28) is finding the proper transmit power and determine SNR boundary points of the AMC, and the finding should satisfy constraint (a) and (b) when the expression of f ξ (ξ ) and a certain value ξ are given. The solution can maximize the throughput of the system.
When the transmit power is given, the problem in (28) becomes max Th c st P dp ≤ P tr (29) According to Section V, the problem in (29) only involves the truncated ARQ and the AMC. Hence, the problem can be solved by using the proposed algorithm jointing the truncated ARQ and the AMC using the backward-research algorithm. That is, SNR boundary points are obtained. By using SNR boundary points, the optimal transmission mode can be found, which is denoted by M cs (p t , f ξ (ξ )).
Based on the solution of the problem (29), the problem in (28) can be further expressed as max Th c (M cs (p t , f ξ (ξ )), p t )
Since the effective transmission rate is proportional to the receiver SNR, which is increasing function of the transmit power, the average throughput is proportional to the average transmit power. That is, the optimal solution of (30) is obtained whenγ t = γ tr . In other words, the problem in (30) is a nonlinear programming problem with an equality constraint, which can be solved by using the Lagrange multiplier method. It amounts to the unconstrained maximization max Th(M cs (p t , f ξ (ξ )), p t ) − λ(γ tr −p t )
Through computing derivatives of the objective function in (31), the optimal solution p * t (ξ ) can be derived. Then, the maximum average throughput Th c (M cs (p * t (ξ ), f ξ (ξ )), p * t (ξ )) is obtained.
VIII. CONCLUSION
In this paper, we analyze the spectrum efficiency and QoS performance of the point-to-point system employing the AMC mechanism. Then, we propose the backward-research algorithm to determine SNR boundary points of the AMC mechanism and the jointing algorithm of the truncated ARQ and the AMC. Simulation results verify that our algorithm can improve the spectral efficiency when the packet dropped probability requirement is guaranteed. Furthermore, to further improve the performance of the system, we combine the jointing algorithm with the power control under average power constraint, and the optimal solution is obtained.
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